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Abstract

Not only is water essential for life on earth, but life itself affects the global hydrologic cycle and

consequently the climate of the planet. Whether the global feedbacks between life and the

hydrologic cycle tend to stabilize theclimate system about some equilibrium level is difficult to

assess. We use a global climate model to examine how the presence of vegetation can affect the

hydrologic cycle in a particular region. A control for the present climate is compared with a model

experiment in which the Sahara Desert is replaced by vegetation in the form of trees and shrubs

common to the Sahel region. A second model experiment is designed to identify the separate roles

of two different effects of vegetation, namely the modified albedo and the presence of roots that can

extract moisture from deeper soil layers. The results show that the presence of vegetation leads to

increases in precipitation and soil moisture in western Sahara. In eastern Sahara, the changes are

less clear. The increase in soil moisture is greater when the desert albedo is replaced by the

vegetation albedo than when both the vegetation albedo and roots are added. The effect of roots is

to withdraw water from deeper layers during the dry season. One implication of this study is that the

insertion of vegetation into the Sahara modifies the hydrologic cycle so that the vegetation is more

likely to persist than initially.
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1.Introduction

The relationshipbetweenwater and vegetationwithin the context of the climate system is

complex.A numberof modelingstudieshaveaddressedvariousaspectsof this issue.At theglobal

scale,Shukla and Mintz (1982) examinedthe differencesin the climate systemdependingon

whetherthesurfaceis saturatedor dry.Theyfoundthattherewasapositivefeedbackwhensurface

waterwaspresentbecauseit leadsto moreprec!pitationandmaintainsthehigh watercontentin the

soil. Kleidon et al. (2000)did a similar studybut insteadof usingwet anddry surfaces,imposed

fully vegetatedor fully desert conditions.They found that the hydrologic cycle intensified

substantiallyfor thefully vegetatedcase.Bonan(1995)comparedtwo climatemodelexperiments,

one with andone without inland watergrid points, andfound that the presenceof waterled to

summercooling and increasedlatentheatflux. Claussen(1998)combineda climate model and

biomemodel to investigatewhetherfeedbacksbetweenvegetationand climatetend to favor the

presenceof theexistingvegetation

Therehavealsobeenmodelingstudiesof theregionalrelationshipsbetweenvegetationand

the hydrologiccycle.Among the first was that of Charney(1975) who modeledthe impactsof

humanactivity on desertificationin the Sahelregionof Africa. He suggestedthat increasesin

surfacealbedowouldleadto increasedatmosphericstabilityandlessrainfall.Therehavealsobeen

studiesof theeffectsof Amazondeforestationon bothregionalandglobalclimate(Dickinsonand

Henderson-Sellers,1988;Henderson-Sellerset al., 1993).Bonanet al. (1992)haveexaminedthe

effectsof borealforestvegetationon globalclimate.Manyof theseearlierstudieswererestrictedto

examiningonly the impactsof changesin surfacealbedo.Kleidon andHeimann(1998)examined

the effectsof plant roots and found that the rooting depthof vegetationcanhave a significant

impacton modelsimulations.A recentstudyby Sud et al. (2001) used a single column model to
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show that an increase in solar absorption and surface evaporation help to inc_reas¢ local rainfall.

The above studies are based on models. The recent study of Bonan (2001) uses observations to

show that the conversion of forest to grassland in the central U.S. has increased the albedo there and

led to cooling.

Northern Africa is a generally arid region, and there have been a number of studies of the

relationships between vegetation and climate in both the Sahel region (e.g., Charney, 1975), and to

a lesser extent in the Sahara Desert. Eltahir (1998) examined a soil moisture feedback mechanism

and Zheng and Eltahir (1998) considered the role of vegetation in the dynamics of west African

monsoons. Sud and Moiod (1988) and Cunnington and Rowntree (1986) did model experiments in

which albedo and soil moisture were modified in the Sahara Desert. Bonfils et al. (2001) modified

Saharan albedo to try to better represent climate conditions 6000 years ago. These studies support

the conclusion that decreased albedo in the Sahara Desert would enhance convection and increase

rainfall. The purpose of this study is to extend these studies to examine the role of vegetation on the

local water budget of the Sahara Desert and to determine whether the replacement of desert by

vegetation changes the local water budget. If so, would it change in a way that favors the existence

of vegetation?

2. The climate model

The model used in this study is the atmospheric component of the global coupled model

described by Russell et al. [1995]. This model includes nonlinear dynamics, advection, a full

radiation scheme, parameterizations of moist convection and surface interaction, and treatments

of subsurface reservoirs except for the ocean. The ocean surface temperature and sea-ice cover

are specified from monthly climatology. The resolution of the model is 4 degrees in latitude, 5
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degreesin longitude,and9 vertical layersfor massandmomentum.Heatandhumidity havefiner

resolutionbecausebothmeansandprognosticdirectionalgradientsaredefinedwithin eachgrid

cell.Moist convection,for example,is performedon 2by 2.5degreehorizontalresolution.

Thegroundhydrologyscheme[Abramopouloset al., 1988]handlessnow,baresoil and

vegetation,acanopylayer,six groundlayers(depthsare0.1,0.173,0.298,0.514,0.886,1.529

m), andsurfaceandundergroundrunoff. In agrid cell, thebaresoil andvegetatedfractionsare

treatedseparatelywith separatevariables.Overthebaresoil fractionor dormantvegetation,

waterthat infiltratesbelow thesurfacelayerhasdifficulty returningto thesurface,butcontinues

to penetratedownwardthroughthesix layersuntil it becomesundergroundflow andis addedto

thegrid cell's rivers andlakes.Overnondormantvegetation,rootscanremovewaterfrom the

lowersoil layersandtranspiredirectly from thecanopy.

3.Formulationof modelexperiments

Thecontrolis amodelsimulationfor thepresentclimate.It includesgroundandvegetation

characteristicsof thepresent-daySaharaDesert(85%desertand 15%shrubsandsmalltrees).The

first experimentreplacesthesecharacteristicsin theregionshowninFigure 1(SaharaDesert:

15W-35E,16N-36N,westernSahara:15W-0,16N-28N,easternSahara:20E-35E20N-32N)by

thesamevegetationfound in theSahelregionto thesouthof theSahara.Becausethereare

asymmetriesin themodelresponseto thesechangesbetweeneasternSaharaandwesternSahara,

thesetwo regionsareexaminedin greaterdetailin theanalysis.Thereplacementof desertby

vegetationchangestheseasonallyvaryingsurfacealbedoandaddsrootsthatallowwaterto be

extractedfrom deepersoil layers.Vegetationalsoaffectsthemodel'ssurfaceroughness,although

in thisstudy,it is notmodifiedsothatwecanfocusontherolesof rootsandalbedo.
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Table 1showsthattheaveragealbedofor thecontrolfor theentireregionis about32%with little

changebetweensummerandwinter.Tables1-3showthatthesurfacealbedois reducedto 15-16%

whenthedesertalbedois replacedby vegetationhavingthesamecharacteristicsthat arepresently

nativeto thesurroundingregion.A secondexperimentreplacesonly thealbedoin thecontrolwith

that usedin the vegetationexperimentjust described.This experimentallowsus to sort out the

changesto the hydrologiccycle that are causedby roots from thosethat arecausedby albedo

changes.The two experimentswere run for 22 yearsand are referredto as the vegetationand

albedoexperiments.

4. Impactof vegetationon thehydrologiccyclein theSaharaDesert

In this section,the geographicpatternsof the hydrologicimpactscausedby replacingdesert

with vegetationareexamined,both within andoutsidethe studyregion.Figure 2 comparesthe

control'sseasonalvariationof precipitationfor westernSaharaandeasternSaharawith theobserved

climatol%o-yof Shea(1986).The model'sannualcyclefor westernSaharais similar to theobserved

with little rainfall exceptin thesummer.Themodel'smaximumprecipitationoccursonemonthtoo

lateandis abouttwice theobservedvalue.In easternSaharathereis little rainfall in anyseasonfor

boththemodelandtheobservations.

In theremainderof this sectionwe usetheseconddecadeof themodelexperimentsto examine

the spatialchanges that occur in three componentsof the hydrologic cycle (precipitation,

evaporation,andsoil moisture)whendesertis replacedby vegetationin the Sahara.Figure2 and

Tables1-3showthatprecipitationincreasessignificantlyin summerwith the largestincrease(from

2 mrrddayin Septemberto 5.35mm/dayin August)occurringin westernSahara.In easternSahara,

thereis little changein precipitationexceptfor thelargeincreasesbetweenAugustandOctober.
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The spatial distribution of changes in precipitation is shown in Figure 3. It shows that there is

little change anywhere in the region in January and that there are increases in most of the region in

July. There is an east-west gradient in the change with a generally increasing change moving from

east to west. Figure 3 also shows that there are precipitation changes in other areas away from the

Sahara. This potential downstream effect will be discussed later.

Tables 1-3 show that there are significant changes in evaporation, too, with the largest changes

again occurring in summer. The evaporation increases in February throughout much of the region

and increases significantly in western Sahara in summer. Greater increases in evaporation over

precipitation in February are possible because more water is stored from prior months.The east-

west gradient in the increased evaporation is consistent with that for precipitation.

For the vegetation experiment, the average soil moisture for the entire study region is higher in

February and August than it is in the control (Table 1). However, as Tables 2 and 3 show, there are

significant differences between eastern and western Sahara. The largest increases occur in western

Sahara and are much larger in summer than in winter. In fact, the largest increases in the west occur

just south of the study region. Table 3 shows that there is almost no change in soil moisture in

eastern Sahara in summer or winter. The average increases in soil moisture for the entire region are

dominated by the increases in western Sahara.

5. Role of albedo and roots in vegetation feedbacks on the hydrologic cycle

Changes in the hydrologic cycle induced by insertion of vegetation into the Sahara region are

generally caused by the combined effects of changes in albedo, surface roughness, or extraction of

water from deeper soil layers by roots. To sort out the effects of one of these, only the surface

albedo is changed from the control. The albedo is specified according to the seasonally varying
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albedoof thevegetationin theSahelregionto thesouthof theSaharaDesert(Tables1-3).In the

vegetationexperiment,both the albedo changesand the effects of roots are included.Both

experimentsusethesamevaluefor surfaceroughnessasthecontrol.

Figure4 showstheseconddecadeof themonthlyprecipitationfor thecontrol, vegetation,and

albedoexperiments.TheFebruary and August averages for the second decade of the experiments

are shown in Tables I-3. There is a significant change in the annual cycle of precipitation with

the greatest change occurring in summer where the maximum precipitation occurs a month

sooner and is much larger than for the control as shown previously in Figure 2. The summer

maximum in precipitation is usually larger in the albedo experiment than it is in the vegetation

experiment.

In western Sahara (Fig. 4a), there is considerable interannual variability in the maximum

summer precipitation in the control. Figure 2 showed that the model's maximum summer

precipitation there for the present climate is about twice as high as the observed. Much of that

can be accounted for by the model's high interannual variability and specifically the 3 highest

summer precipitation months during the 22-year record. In almost all years, the albedo

experiment has greater precipitation than does the vegetation experiment, which in turn, has

much greater precipitation than the control. For the vegetation and albedo experiments, the

relative magnitude of the interannual variability is significantly reduced from that of the control.

In eastern Sahara (Fig. 4b), the changes are more irregular. One of the interesting differences

between eastern and western Sahara is that the interannual variability of the control is large in the

west and small in the east. However, for the vegetation and albedo experiments, this is reversed

(i.e., higher interannual variability in the east and smaller in the west). The increase in the

maximum precipitation in the albedo experiment is also much higher than in the vegetation



experiment,althoughin threeof thetenyearsshown,thevegetationexperiment'smaximumis

higher.

Among themost interestingchangesarethosethatoccurin thesoil moisturebudget.Figure 5

showsthat for thecontrolin westernSaharathereis a smallannualcycle in soil moisturewith the

maximumoccurringin summerafterthe maximumprecipitation.Whencomparedwith Figure4,

one canseethat the largerpeaksin soil moistureareassociatedwith peaksin precipitationas

expected.For westernSahara,the soil moisturetendsto go back down after the large peaks

althoughin the easternSahara,it tendsto remainhigh after themaximumprecipitation.The soil

moisturethen decreasesuntil the following rainy season.When vegetationis insertedinto the

region,themagnitudeof the annualcyclefor westernSaharaincreasesasdoesthemeansoil water

contentwhich increasesfrom 45cm to 73cm in August.In thealbedocase,thereis anevenlarger

increasein soil moistureto 92 cm in August.Why arethechangesin soil moistureso different

betweenthevegetationandalbedocases?Considerfirst the albedoexperiment,the lower surface

albedoleadsto the absorptionof moresolarradiationduringcleardays,which leadsto increases

in upwardsensibleheat,which warms the surfaceair, which rises,drawing moist air into the

region at low altitudes.Therewill only be increasedevaporationif there is sufficientwater to

evaporate,which there is due to the significantly enhancedprecipitation.Although the winter

drawdownof wateris muchhigherthanin thecontrol,it startsatamuchhighervalue,andtherefore

theminimummonthlysoil moistureis still higherthanin thecontrol.

Why doestheabovepicturechangewhenthefull effectsof vegetationareincluded,andnotjust

the albedo? The differenceis that vegetationhasroots.The analysisgiven abovefor the albedo

casestill holdsbut now thedrawdownof waterin thedry seasonis largerbecausethereareroots

thatcanextractwaterfrom all six soil layersinsteadof only thesurfacelayerin thealbedocase.
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This drawdowncausestheminimumsoil moistureto approachthatof the control. The conclusion

is that the effect of the vegetation's albedo leads to a much larger increase in soil moisture than

when the other effects of vegetation are also included. This is because the roots of the vegetation

can remove water from deeper layers than they can when only the albedo is modified. The case for

eastern Sahara is of considerable interest because the soil moisture in the vegetation experiment is

actually lower than in the control for some months. As before the albedo experiment leads to higher

soil moisture,

6. Discussion and conclusions

This study is focussed on regional changes in the hydrologic cycle due to modifying the

land surface by inserting vegetation into the Sahara Desert. For the present climate, the model's

representation of monthly precipitation in western and eastern Sahara is in reasonably good

agreement with observations; there is low precipitation in winter and higher precipitation in

summer. When desert is replaced by vegetation, there is little change in precipitation during the

winter dry season, but there is a significant increase in precipitation and soil moisture in the

summer when the precipitation is maximum.

In the previous sections we examined changes in the components of the water budget. These

changes also have implications for other variables within the climate system, such as the surface

heat budget and surface air temperature. Figure 6 and Tables 1-3 show that the surface air

temperature in summer has cooled in western Sahara but has increased in eastern Sahara. The

cooling in the west is due to increased cloud cover. In winter, the temperature is higher

!hroughout the region.

There is evidence in the spatial changes in precipitation in the vegetation experiment that
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therearedownstreameffectsovertheocean,andthereis reasonto believethattheseeffectsare

realandrelatedto changesin theHadleycirculation.Canthesurfacemodificationalsoleadto

globalchanges?Oneway to examinethat possibility would be to determine whether there is any

change in the intensity of the Hadley circulation. An analysis of the latitude of maximum

intensity of the Hadley circulation shows little change between the control and the vegetation

case. In both cases the maximum upward motion in January occurs at 8 N and is 188 for the

control and 180 for the vegetation experiment (note that units are in 10A9 kg/s). The Ferrell cell

is maximum at 36 N and is 26 in the control and 29 with vegetation. In July the maximum

Hadley circulation is at 8 S and is 217 for the control and 215 with vegetation. The maximum for

the Ferrell cell occurs at 20 N and is 35 for both cases. Although there is no significant change

globally, the regional changes may still be important because increases in the Hadley circulation

over the Sahara Desert must be accompanied by increased downward motion elsewhere. This is

consistent with other studies.

One of the principal findings of this paper is that one should be careful when looking at previous

studies that only modified the albedo when looking at vegetation experiments. Our results here

support the idea that albedo-only experiments tend to enhance the amplitude of the seasonal cycle

of precipitation. When the effects of roots are added, the effect is reduced because the roots extract

water from deeper layers in the summer.

In the context of the Gaia hypothesis, the results here support the idea that the addition of

vegetation to a desert region would modify the climate in such a way as to encourage the existence

of vegetation. The results support the hypothesis that there is a positive feedback between

vegetation and soil moisture. The next step in examining these relationships should be to do the

experiment with a fully dynamic vegetation model coupled to the GCM.



Figurecaptions.

Figure 1.Shadedarearepresentsregionwheredesertis replacedwith vegetation.

ll

Darkershaded

areasareusedto identify twosub-regionsof thestudyareareferredto aswesternSaharaandeastern

Sahara.

Figure2. Annualcycleof precipitationfor thecontrol, vegetationexperiment,albedoexperiment,

andobservationsfor (a)westernSaharaand(b) easternSahara.ObservationsarebasedonLegates

andWillmott (1990)andmodelis basedonseconddecadeof simulations.

Figure 3. Changesin precipitation in the vegetationexperiment(vegetationexperimentminus

control)basedonseconddecadeof modelsimulations.

Figure4. Monthly time seriesof precipitationfor the seconddecadeof thecontrol andvegetation

andalbedoexperimentsfor (a)westernSaharaand(b)easternSahara.

Figure 5. Monthly time series of soil moisture for the control and vegetationand albedo

experimentsfor (a)westernSaharaand(b) easternSahara.

Figure6. Annualcycle of surfaceair temperaturefor the control,vegetationexperiment,albedo

experimentandobservationsfor (a)westernSaharaand(b)easternSahara.Observationsarebased

onShea(1986)andmodelisbasedonseconddecadeof simulations.

Tablecaptions

Table 1. FebruaryandAugustaveragesof modelvariablesfor control,vegetationexperimentand

albedoexperimentfor entirestudyregionbasedonseconddecadeof modelsimulations.

Table2. SameasTablet but for westernSahara.

Table3. SameasTable 1but for easternSahara.
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Table i." Model variables

for years Ii to 20.

Cloud Cover

Inc. So!ar Rad. Surf.

Abs. Solar Rad. Surf.

Surface Albedo

Surf.Air Temp.

Soil Moisture

Precipitation

Evaporation

averaged over the entire Sahara Desert

Control Vegetation Albedo

Feb Aug Feb Aug Feb Aug

13.2 13.9 9.8 43.0 11.2 48.3

237.4 310.8 233.8 264.3 231.6 258.2

160.8 209.2 198.9 221.1 197.1 216.0

32.0 32.6 14.9 16.3 14.9 16.4

20.2 32.6 22.4 29.7 22.5 28.8

49.4 47.6 56.9 58.9 78.8 81.5

0.16 0.41 0.i0 3.00 0.ii 3.64

0.20 0.39 0.43 1.61 0.30 2.46

|
|

Table 2.

for years

Cloud Cover

Inc.Solar Rad. Surf.

Abs.Solar Rad. Surf.

Surface Albedo

Surf.Air Temp.

Soil Moisture

Precipitation

Evaporation

Model variables averaged over

ii to 20.

Control Vegetation Albedo

Feb Aug Feb Aug Feb Aug

9.1 25.4 3.2 67.1 7.9 76.3

250.1 305.4 247.8 246.1 242.5 237.6

168.8 205.5 211.0 205.7 206.5 198.6

32.5 32.7 14.8 16.4 14.8 16.4

24.5 33.4 26.1 27.8 27.6 26.3

46.0 44.9 56.2 73.4 76.8 91.8

0.01 0.85 0.01 5.35 0.01 6.43

0.07 0.75 0.58 2.57 0.24 4.07

the western Sahara Desert

Table 3. Model

for years iI to

Cloud Cover

Inc.Solar Rad. Surf.

Abs. Solar Rad. Surf.

Surface Albedo

Surf.Air Temp.

Soil Moisture

Precipitation

Evaporation

variables averaged over the eastern Sahara Desert

20.

Control Vegetation

Feb Aug Feb Aug

15.3 2.5

231.3 318.9

153.5 210.7

33.3 33.9

18.1 32.6

40.9 40.2

0.19 0.01

0.22 0.05

12 9 13.3

225 4 294.5

192 0 247.2

14 9 16.1

21 _ 34.1

42 5 39.2

0.09 0.45

0.20 0.36

Albedo

Feb Aug

12.2 14 1

225.9 293 2

192.4 246 0

14.9 16 1

20.2 34 1

70.1 67 4

0.i0 0.54

0.22 0.44
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